A new integrated land surface daily climate dataset is described. The dataset, called the Global Historical Climatology Network (GHCN) Daily dataset, was developed to meet the needs of climate analysis and monitoring studies that require data at a daily time resolution (e.g., assessments of the frequency of heavy rainfall, heat wave duration, etc.).
Introduction
In situ records of temperature and precipitation are essential to studies of climate variability and change. The analysis of multi-decadal climate trends and variability are commonly based on monthly and annual time series of station-based climate observations, and records of this time resolution have been widely available in digital form for decades (e.g., Jones et al. 1985 Jones et al. , 1986 Vose et al. 1992) . Even so, monthly means and averages are not sufficient for all climate applications. For example, the analysis of changes in the length of the growing season (Kunkel et al. 2004) , changes in the frequency of heavy precipitation (Min et al. 2011) , and changes in heat wave frequency and duration (Della Marta et al. 2007) all require data at least at the daily resolution. Unfortunately, daily data are comparatively less accessible than monthly values, in part because of the reluctance in many countries to release daily climate summaries for widespread public use ). This relative paucity of daily data is an ongoing impediment to climate change analysis and model comparison studies (Trenberth et al. 2007 ).
Here we describe a database whose aim is to address the need for historical daily temperature and precipitation records over global land areas. The database, known as the Global Historical Climatology Network (GHCN) -Daily dataset, contains daily summary data from over 75000 stations worldwide, about two thirds of which are for precipitation measurement only. Like its counterpart for monthly climate summaries (Peterson and Vose 1997; Peterson et al. 1998) , GHCN-Daily is comprised of climate records from numerous sources that have been merged and subjected to a common suite of quality assurance reviews (Durre et al. 2010) . In the following, we briefly describe GHCN-Daily's component data sources, methods for data integration and quality assurance, and the 4 resulting spatial and temporal coverage of the dataset. Our focus is on the core elements of temperature and precipitation. Although the database also contains observations for snowfall, snow depth, as well as numerous other variables, coverage of these elements is more limited in space and time.
Data Sources
During the last several decades, the Global Telecommunication System (GTS) operated under the auspices of the World Meteorological Organization has allowed for rapid data sharing to meet needs of the meteorological and hydrological communities.
Nevertheless, while most National Meteorological and Hydrological Centers (NMHCs) operate at least one network of surface observing stations from which daily summaries for temperature and precipitation are produced, there has been no formal mechanism for sharing daily data worldwide and no central repository for the daily summaries from these global observing systems. In practice, the transmission of daily climate summaries has been treated as optional even for the network of stations that report temperature and precipitation observations at fixed synoptic hours (i.e., every three or six hours for stations in the Regional Basic Synoptic Network or RBSN). Similarly, stations in the WMO's Regional Basic Climate Network (largely a subset of the RBSN) are only required to provide a monthly climate summary known as CLIMAT, and likewise do not consistently transmit daily summaries within their synoptic messages (WMO 2003) .
Given this context, the goal in creating a global daily dataset was to maximize the spatial coverage of daily climate summaries by acquiring historical records from as many stations in as many national observing networks as possible. Several complementary data acquisition tactics were used. The first was to exploit contacts with representatives from national meteorological and hydrological centers around the world to request contribution of their respective data collections. The earliest of these efforts lead to the development of the Global Daily Climatology Network (GDCN; Gleason et al. 2002) dataset. GDCN also contained a large contribution of U.S. data, but since GDCN's release, a number of additional archives at the National Oceanic and Atmospheric Administration's (NOAA) National Climatic Data Center (NCDC) that contain daily data for the United States and its
Territories have been integrated comprehensively into GHCN-Daily.
The second data collection tactic entailed leveraging off of bilateral and international initiatives, such as the Global Climate Observing System (GCOS) program, which works to facilitate the free exchange of daily data from GCOS surface stations . Bi-lateral agreements, in particular, have resulted in large contributions of daily data from a number of countries. In the absence of such agreements or personal contacts, the third tactic is to incorporate the optional daily summaries that do get transmitted as part of the GTS synoptic messages.
In GHCN-Daily, we assign the results of these varied attempts to acquire daily data into four broad categories: (1) the International Collection; (2) the U.S. Collection; (3) Government Exchange Data; and (4) (Table 3) refers to data collected through official GCOS or bilateral agreements. In the best case scenario, an NMHC may offer its complete digital, daily climate database for inclusion in GHCN-Daily, which is the case for Canada (with over 7500 station records provided) and Australia (with over 17000 station records).
Government Exchange Data
In other cases, NMHC's have provided daily data only for the GCOS Surface Network stations 
Data Integration
The process of integrating data from multiple sources into the GHCN-Daily dataset takes place in three steps: 1) screening the source data for stations whose location is unknown or questionable; 2) classifying each station in a source dataset either as one that is already represented in GHCN-Daily or as a new site; and 3) mingling the data from the different source datasets to form comprehensive station records. The first two of these steps are performed whenever a new source dataset or additional stations become available. The mingling of data is part of an automated process that fully re-creates GHCN-Daily on a regular basis using the latest versions of all sources. We expand upon these three steps below.
In the initial step, a station's record from a particular source dataset is considered for inclusion in GHCN-Daily provided it meets the following conditions. First, it must be identified with a location name, latitude, and longitude using the metadata associated with the source dataset or from other standard station history information. Second, its period of record must contain 100 or more daily values for at least one of five "core" GHCN-Daily elements (maximum temperature, minimum temperature, precipitation, snowfall, or snow depth). Third, the record must not fail the "inter-station" duplicate check, which compares records from all stations within a source dataset. When more than 50% of a station's record is identical to the data from another station, the longer of the two records is retained for inclusion in GHCN-Daily provided that the metadata indicates that the two sites are in close proximity (i.e., within 40 km). However, if two stations with matching records are more than 40 km apart, neither record is incorporated into the dataset. Lastly, a new source of data for a particular station may be compared to station records already contained in GHCN-Daily. If data from the new source match the data for a station already added to GHCN-Daily at a rate of at least 50% for all elements during their common overlap period, and the new station and the preexisting GHCN-Daily station are identified to be within 40 km of one another (based on their respective coordinates), then the new station data is added as an additional data source to the relevant GHCN-Daily station record already present in the dataset.
The implementation of the above classification strategies yields a list of GHCNDaily stations and an inventory of the source datasets to be integrated for each station.
These lists form the basis for integrating, or "mingling", the data from the various sources to create GHCN-Daily. Mingling takes place according to a hierarchy of data source precedence and in a manner that attempts to maximize the amount of data included while also minimizing the degree to which data from sources with different characteristics are mixed. While precipitation, snowfall, and snow depth are mingled separately, maximum and minimum temperatures are considered together in order to ensure that the temperatures for a particular station and day always originate from the same source. This is important, for example, in the case of the real time data feeds for the U.S. and the Global Summary of the Day data, which tend to have observations that apply to 24-hour summary periods that differ from those reported by other sources. For this reason, these sources are used only if no observations are available from any other source for that station, month, and element.
Among the other sources, each day is considered individually; if an observation for a particular station and day is available from more than one source, the observation from the most preferred source available is used in GHCN-Daily. The hierarchy of data sources used in cases of overlap is based on several criteria. In general, data that have received the greatest amount of scrutiny before being integrated into GHCN-Daily are chosen over fully automated, real-time data streams. At stations operated by the United States, sources providing a Cooperative Summary of the Day are given preference over other data streams since they contribute the largest amount of data. For stations outside the U.S., the official Governmental Exchange Data are preferred over the International Collection when summaries from these two sources are available for the same station, element, and day.
Quality Assurance
The quality assurance (QA) approach to GHCN-Daily is based on several basic design considerations. First, given the large number of station records, a growing number of meteorological elements, as well as frequent additions of both historical and real-time data, it is impractical to rely on network-wide manual verification of the outcome of quality assurance algorithms as is commonly done in many existing QA systems (e.g., Guttman
and Quayle 1990; Hubbard et al. 2005; Kunkel et al. 2005) . Rather, a fully automated QA system is necessary for GHCN-Daily that is reliable enough to run "unsupervised".
Automated systems also have the advantage of providing traceable and reproducible results, which is a necessary component to tracking the provenance of climate data. At the same time, integration of new station records can introduce data problems that may go undetected by routine, automated QA checks. Such problems include undocumented changes to units of measure and the assignment of data records to incorrect station identifiers (Peterson et al. 1998) . Consequently, the occasional application of additional automatic and semiautomatic fundamental data integrity checks is also necessary. Because of these design considerations, we employ a multi-tiered QA approach consisting primarily of routine, fully automated procedures as well as some additional overall data record integrity checks that are implemented occasionally (e.g., when a significant amount of historical data are added to the dataset). Each of these procedures is described briefly below.
To begin, during routine processing, the data are first passed through a "format checking program" that looks for problems such as nonexistent months or days, invalid characters in data fields, and so forth. This routine sets offending records to missing. (Durre et al. 2010 ). This level of performance was achieved through careful selection and evaluation of procedures and test thresholds using the techniques described by Durre et al. (2008) .
In essence, manual review of random samples of flagged values was used to set the test threshold of each procedure such that its false-positive rate is minimized. In addition, the tests are arranged in a deliberate sequence in which the performance of the later checks is thought to be enhanced by the error detection capabilities of the earlier ones. Thanks to this comprehensive manual assessment during the QA development phase, the algorithms are effective at detecting the grossest errors as well as more subtle inconsistencies among elements without the typically higher rate of false positives (i.e., valid observations erroneously flagged as bad) of automated QA procedures (Schmidlin 1995; Kunkel et al. 2005; You and Hubbard 2006) . The checks are therefore applied without manual intervention or verification during the frequent and routine reprocessing of the data while at the same time yielding a consistent, reproducible set of quality decisions.
The second tier of quality assurance includes record integrity checks, which are implemented only occasionally. These consist of checks  for climatological means that are inconsistent with a station's location;
 for large, systematic jumps in the annual mean of a record (such as might be caused by a shift in units); and  for concentrations of values that fail automated QA procedures.
In addition, two checks have been performed to identify stations with grossly incorrect coordinates: (1) a comparison of each station's elevation to the Global One-kilometer Base Elevation (GLOBE) dataset (Globe Task Team, 1999) , and (2) a comparison of the longterm monthly station averages of maximum temperature, minimum temperature, and total precipitation to an independently constructed gridded data set of monthly values (Legates and Willmott 1990a; Legates and Willmott 1990b) . In both cases, large station-to-grid differences (or ratios in the case of precipitation) have been examined manually to determine their validity. To date, this technique has helped to identify erroneous coordinates and/or data resulting from incorrect units or from totals reported as zero rather than missing. Where an obvious manual fix to the coordinates was not apparent, the station records in question were "quarantined" and excluded from GHCN-Daily.
We have also employed a semiautomatic method for identifying large jumps and other erratic behavior in time series of annual totals. Gross shifts in precipitation time series were identified by means of the Standard Normal Homogeneity Test (Alexandersson 1986 ) applied to station time series of annual precipitation totals computed from the daily data. The two major problems revealed by this test included a two-to three-fold increase in precipitation around 1970 at Indian stations and completely dry multi-year periods at locations that normally report abundant precipitation. The affected post-1970 Indian data and the non-Indian stations with large jumps were eliminated from the integrated dataset.
For daily maximum and minimum temperatures, the 13 stations with at least 300 outlier and inconsistency flags were examined after all automated quality control checks had been applied. This analysis revealed two problems that were addressed specifically.
First, the pre-1981 records for five stations in Thailand were removed because they contained only maximum temperatures, and these temperatures were around 10°C lower than the maximum temperatures reported during the latter part of the record. Secondly, noting clearly erroneous sections of data at numerous Mexican stations, time series of daily maximum and minimum temperatures from all stations in Mexico were examined visually.
Based on this inspection, approximately one third of the Mexican stations were removed from the dataset because their time series exhibited shifts on the order of five to 10°C during some portion of their records or failed to follow an annual cycle where one would be expected.
In the last record integrity check, U.S. temperature records for which the time of observation has been documented are tested for inconsistencies between the reported observation time and the reported temperatures. Such inconsistencies are known to be present in the data as a result of various observing and digitization practices and errors (e.g., Reek et al. 1992; Kunkel et al. 2005) . Such errors are best identified by means of comparison with hourly temperature observations at neighboring synoptic stations (Janis 2002) . Whenever the daily maximum temperatures within a month are judged to be inconsistent with corresponding maximum temperatures derived from the hourly data (see Appendix 1), all temperatures in the month are flagged accordingly.
Description of the dataset and processing
With over 
Summary and Conclusions
The In 2011, GHCN-Daily also became the official database for all U.S. daily data.
In spite of the label "Global Historical Climatology Network", it is important not to interpret this name to mean that the dataset can be used to quantify all aspects of climate variability and change without any additional processing. Historically (and in general), the stations providing daily summaries for the dataset were not managed to meet the desired standards for climate monitoring (e.g., Karl et al. 1995) . Rather, the stations were deployed to meet the demands of agriculture, hydrology, weather forecasting, aviation etc. Notably, GHCN-Daily has not been homogenized to account for artifacts associated with the various eras in reporting practice at any particular station (i.e., for changes in systematic bias).
Users, therefore, must consider whether the potential for changes in systematic bias might be important to their application. In addition, GHCN-Daily and GHCN-Monthly are not currently internally consistent (i.e., GHCN-Monthly is not necessarily derived from the data in GHCN-Daily); however, GHCN-Daily is anticipated to be a major source of future updates to GHCN-Monthly.
Finally, while GHCN-Daily has already found applications in climate monitoring and assessments (e.g., Alexander et al. 2006; Caeser et al. 2006 ) its utility could always be enhanced with additional data for regions outside of North America. For this reason, we encourage new data contributions and particularly welcome the addition of complete 20 national daily climate archives for inclusion in GHCN-Daily. These contributions can be made as part a new initiative to create a more comprehensive global surface temperature databank (Thorne et al. submitted) . In cases where routine updates of such national data contributions are not possible via web services or other automated means, the development and exchange of official "climate quality" daily messages over the GTS analogous to the monthly CLIMAT messages should be encouraged. In summary, GHCN-Daily is best viewed as a dynamic, integrated daily dataset to which new data sources and variables will continue to be added. Enhancements to the methods for quality assurance are also likely to be developed over time, with routine homogeneity assessments a likely future addition. 
Appendix 1 -Testing for discrepancies in the timing of daily maximum temperature
While there are numerous potential causes of discrepancies in the timing of daily maxima and minima, a common discrepancy arises in the United States with observations from Cooperative Observers whose 24-hour daily summary period ends in the local morning hours. Because the maximum temperature attained during the 24 hours that preceed a morning observation time is usually reached sometime during the previous afternoon, a number of volunteer observers who observe in the morning attribute the daily maximum to the previous calendar day when recording the value (Reek et al. 1992 ). In such cases, the observer usually records the 24-hour minimum on the current calendar day (i.e., the day on which the summary period actually ended, which is the desired practice for recording all daily variables, including daily maximum temperature). Moreover, historically, Cooperative Observer paper forms were commonly keyed in a similar way, that is, whereby daily maximum temperatures were systematically assigned to the previous day for morning observers.
While this practice of "shifting" the maximum backwards by one day for morning observation times has some logic, it can unfortunately lead to internal inconsistencies within a sequence of daily maxima and minima and often leads to confusion in interpreting daily temperature summaries. For this reason, the purported observation times for U.S.
observers are used in conjunction with hourly temperature values from synoptic stations to identify cases in which there appear to be systematic discrepancies between the time of observation at a station and its reported daily maximum temperatures within a particular month. In this check, surrogate daily maximum temperature series are generated from nearby synoptic stations such that the daily summary matches the 24-hour period ending at Following Legates and McCabe (1999) , d is defined as
where m is the number of days in the window, and are the observations from the target and surrogate series, respectively, on day i, and ̅ denotes an average over all observations in the month for the surrogate series. Thus, high values of d are an indication of both high correlation and small absolute differences between x and y.
A target series is identified as having an apparent systematic issue with the timing of daily temperatures when a) there is at least one surrogate series available for comparison, and b) the index of agreement between the target series and all available surrogate series is higher when the surrogate maximum temperature series are systematically shifted forward or backwards by one day. More specifically, the d-values
between the target and all shifted surrogate series must improve by more than 0.2 relative to the value calculated between the target and unlagged surrogate series. The use of a minimum improvement in d as well as the requirement for d to be at least 0.7 for an unlagged comparison comes from a systematic evaluation of potential thresholds as described in Durre et al. (2008) . 
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U.S. First Order Summary of the
Day (NCDC DSI-3210).
Dataset contains historical and present-day manual and automated observations from approximately 1600 synoptic stations, including U.S. "First Order" stations, a selection of Canadian sites, and U.S.-operated stations in other countries. Observations for a specific year and month are added two to three months after they were taken, and corrections to historical data may occasionally be applied. These observations are generally with respect to the 24-hour period ending at local midnight. Dataset contains hourly surface weather observations for 1996-2002 at major airports that include a daily summary with respect to the 24-hour period ending at local midnight. 
U.S. ASOS Summary of the
U.S. Forts and Voluntary
Observers
)
Newly keyed data from Cooperative Observer forms. Observation times vary as in DSI-3200.
Community Collaborative Rain,
Hail and Snow (CoCoRaHS) Network
Provides daily rain and snow measurements from CoCoRaHS volunteers. Data begin as early as 1998 and are updated daily. 
